Although the impact of tobacco consumption on the occurrence of lung cancer is well-established, risk estimation could be improved by risk prediction models that consider various smoking habits, such as quantity, duration, and time since quitting.
In this study, we developed a prediction model based on a cohort of 59 161 individuals from Japan Public Health Center (JPHC) Study Cohort II to estimate the probability of developing lung cancer based on age and gender, as well as various smoking-related variables, and with adjustment for the competing risk of death from other causes. We also carried out an external validation study to assess the relevance of the developed model for risk stratification in the general Japanese population. This model might be useful in identifying high-risk individuals, and in encouraging them to undergo increased surveillance and adopt healthier lifestyles. In particular, the unequivocal decreasing trend in lung cancer occurrence with time since smoking cessation constitutes strong incentive to recommend quitting smoking.
| MATERIALS AND METHODS

| Study participants
Details of the study design have been described elsewhere. 11 Briefly, the participants were Japanese residents recruited into Cohorts I
and II of the JPHC-based Prospective Study in 1990-1991 and 1993-1994 , respectively. All participants answered a self-administered baseline questionnaire distributed at study entry. The starting point was defined as the date of completion of the baseline questionnaire and individuals were followed up until the December 31, 
| Follow-up and identification of lung cancer cases
Residency and death registration are required by the Basic Residential Register Law and Family Registry Law, respectively, and the registries are considered to be complete. We identified incident lung cancer cases (codes C34.0-C34.9 of the International Classification of Diseases for Oncology, 3rd edition) 12 by active patient notification from major local hospitals in each study area and by data linkage with population-based cancer registries.
| Model construction and crude probabilities estimation
Model development was based on the JPHC Study Cohort II population. For each individual, follow-up time was defined as the period from the date of acquisition of the baseline questionnaire to the date of lung cancer diagnosis, date of emigration from the study area, date of death, or end of follow-up, whichever came first.
Age was considered as a continuous variable in the model, and linear, quadratic, and quadratic with one knot (located at the mean age of the study population) effects were tested. Gender was introduced into the model and interaction between gender and age was considered. The following smoking-related variables were used: continuous age at smoking initiation, categories of cumulative consumption expressed in pack-years (PY) (≤15 PY, >15 PY and ≤30 PY, >30
PY and ≤45 PY, >45 PY and ≤60 PY, >60 PY and ≤75 PY, and >75 PY), and categories of time since smoking cessation for former smokers (>1 and ≤5 years, >5 and ≤10 years, and >10 years). In particular, individuals who had quit smoking for ≤1 year were considered as current smokers. Moreover, we tested the presence of an effect of passive smoking (defined as almost daily passive exposure to smoking in occupational or public settings) in non-smokers and family history of lung cancer (defined as at least one case of lung cancer in parents or siblings). All model comparisons were based on the Akaike Information Criterion. Model construction was based on a two-step approach. First, covariable selection based on the procedure described above was carried out using Cox proportional hazard regression and the proportionality assumption was tested using the Grambsch-Therneau test. Second, we constructed a flexible hazard regression model using the linear predictor determined by the above procedure and included, if necessary, the non-proportional effects identified.
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In the second part of the analysis we estimated absolute risks of lung cancer occurrence. 
Confidence intervals were obtained by the delta method.
| Predictive performance
The predictive performance of the final model was assessed in terms of discrimination and calibration. Discrimination was estimated on the lung cancer-specific model using Harrell's c-index. Calibration was assessed through the analogue of Hosmer-Lemeshow's chisquared-test for survival analysis developed by Nam and d'Agostino 13 using 10 years as the end-point and partitioning the study population into deciles of predicted risk, adjusted for the competing risk of death. Correction for optimism was obtained by 10-fold cross-validation 14 using the model construction procedure described above for each fold.
| External validation
External validation of the developed model was based on JPHC Study Cohort I. Data preparation followed the same steps as for the previous analysis. All variables used in the previous model were available and identically defined in Cohort I. Using the models constructed in the previous step, relative and absolute risks were estimated for individuals in the external validation population and discrimination and calibration were calculated.
All analyses were undertaken with R statistical software (version 3.2.2; https://www.r-project.org/), particularly using the mexhaz package version 1.3 15 to fit flexible survival models. Table 1 .
| RESULTS
Based on the model construction procedure described above, the final model for lung cancer occurrence included age, gender, and their interaction, smoking intensity, time since smoking cessation, and age at smoking initiation. Passive smoking in non-smokers and family history of lung cancer were found to have no statistically significant effect (hazard ratio = 1.17; 95% confidence interval, 0.89-1.53; and hazard ratio = 1.11; 95% confidence interval, 0.74-1.67, respectively; see Table S1 ) and were consequently not kept in the final model. There was no evidence of non-proportional effects of the variables included. Table 2 Details about the final model for death occurrence are provided in Table S2 . The same variables as the ones included in the model for lung cancer occurrence were used but, because the effect of smoking was found to be closely similar across categories of smoking intensity (ie, the effect of smoking on the risk of death was not dose-dependent), smoking status was kept as a dichotomous variable. The effect of age was modelled as gender-dependent, non-linear, and non-proportional. Finally, we provide a simple scoring system ( Figure S5 ) based on the final lung cancer-specific model using the method described by Sullivan et al. 16 Because this score cannot take account of the impact of competing risks, the score-specific probabilities are "net probabilities," that is, calculated under the assumption that individuals are not dying from other causes. Consequently, the probability of lung cancer occurrence is overestimated. This reflects the fact that a scoring system is essentially a discrimination tool and might not be suited for estimation of the probability of disease occurrence when the impact of competing risks cannot be ignored.
| DISCUSSION
In this work, we developed a risk prediction model for lung cancer 
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Tobacco consumption has long been established as a strong risk factor for lung cancer. 3, 4 In this work, we modelled in detail the relationship between smoking and lung cancer using several smokingrelated variables, namely smoking intensity, age at smoking initiation, and time since cessation in former smokers. To reduce the collinearity between these variables and age, we chose to use cumulative consumption expressed in PY 27 and to express smoking intensity and time since cessation in categories. Consistent with previous studies, we found a clear dose-dependent increase in the risk of lung cancer with increasing cumulative smoking consumption. Moreover, we found a strong inverse relationship between time since cessation and risk of lung cancer occurrence, 28 and risk of death from other causes. This is important because it emphasizes the fact that offering advice and campaigns on smoking cessation might be an effective way to reduce the burden of tobacco smoking on lung cancer and death, even for individuals with a substantial history of tobacco consumption.
The impact of tobacco on health is not limited to lung cancer, and its relationship with various other diseases and mortality has been reported on several occasions. 3, 4, 29 In the present study, smoking was found to have a strong and dose-independent effect on the risk of death before lung cancer occurrence, which translated into higher 10-year cumulative probabilities of death in smokers (eg, approximately 30% in smokers vs 19% in never-smokers for men aged 70 years). Given that smoking is a modifiable risk factor with a T A B L E 2 Summary of the hazard ratios associated with risk factors included in the survival model for lung cancer occurrence developed in the study population of 59 161 individuals from the Japan Public Health Center Study Cohort II
Risk factors
Hazard ratio (95% confidence interval) Because the effect of age was found to be non-linear and different between men and women, we summarize here a few hazard ratios for different combinations of age and sex, taking women aged 40 y as the reference group. strong impact on health, this finding emphasizes again the need for better strategies for smoking control at both the individual level (information and prevention campaigns) and institutional level (eg, promotion of tobacco-free public places and control of cigarette prices). 6, 30 In addition to the role of smoking history, age at start of followup was also found to have a substantial impact on lung cancer occurrence, with a differential effect between genders, the risk increasing more steeply in older men than in older women. This translates into a higher incidence of lung cancer in older men for a given level of exposure to other risk factors. A similar differential effect of age was found for gastric cancer 31 This work also has some limitations. First, the JPHC questionnaires did not asses some of the factors that were previously shown to significantly affect the risk of lung cancer, such as a personal history of pulmonary diseases (particularly chronic obstructive pulmonary disease and emphysema), and exposure to environmental or occupational carcinogens such as asbestos. Consequently, these factors could not be included in our model. However, individuals suffering from chronic pulmonary diseases or with past exposure to environmental or occupational carcinogens are usually already identified as "at-risk," and consequently appropriately monitored and given recommendations on healthy lifestyle habits.
Second, although second-hand smoking has been shown to impact lung cancer occurrence, particularly among never-smokers, it was found to have no significant impact on the predictive ability of our model and was consequently removed from the final model. Because passive smoking was assessed by asking participants about tobacco exposure outside the home and workplace, it is possible that some non-smokers were wrongly classified as nonexposed to passive smoking at home, which would explain the absence of a significant relationship in this study. However, one should note that the absence of improvement in a risk prediction algorithm does not call into question the already established nocive impact of second-hand smoking, 32 and preventing it remains an important measure of any policy aimed at reducing the occurrence of lung cancer, as well as cardiovascular and pulmonary diseases.
Finally, as a practical tool to inform on the absolute risk of lung cancer occurrence, our model does not distinguish between subtypes of lung cancer, although it is known that the strength of their association with tobacco smoking differs; 33 we verified that this association was higher for squamous cell and small-cell carcinomas than for adenocarcinomas (see Table S7 ).
In conclusion, we developed a risk prediction model for lung cancer occurrence in the Japanese population. Results emphasized the cumulative dose-dependent detrimental effect of tobacco consumption as well as the partial reversal of risk after smoking cessation.
The model showed good discriminative ability in an external population. Consequently, it might be used in the Japanese population to identify high-risk individuals who may benefit from increased surveillance and screening.
